Summary. Growth hormone treatment produced somatotrophic diabetes, with hyperglycaemia, polyuria, glycosuria and elevation in serum non-esterified fatty acids (NEFA) in dogs. Early in this diabetes, fasting serum immunoreactive insulin (IRI) rose 20-fold, the insulin/glucose (I/G) ratio rose 10-fold and in response to glucose infusion, the rise in IRI was twice the normal. In the latter half of the continued growth hormone treatment, the intensity of the diabetes increased, serum IRI declined to the normal level and the I/G ratio became subnormal. Late in the treatment, following glucose infusion, there was no change in serum IRI, no fall in NEFA and further depression of glucose tolerance. In metasomatotrophic diabetes, in which hyperglycaemia, glycosuria and high NEFA level persisted, fasting serum IRI was normal during several months, then became subnormal and the I/G ratio was diminished further. Following glucose IV there was no change in serum IRI, no fall in NEFA and low glucose tolerance. The normally-occurring rises in serum IRI following arginine and glucagon IV and after the ingestion of a meal were absent. These permanently diabetic dogs were responsive to insulin IV. The insulin content of the pancreas was reduced to about 1.2% of the normal after 14 months of this diabetes. From the sequence of change it is concluded that growth hormone induced metasomatotrophic diabetes by causing excessive secretion of insulin under basal and stimulative conditions, leading to permanent loss of function of the beta cells of the pancreatic islets, to such an extent that basal insulin secretion was low and the ability to secrete extra insulin in response to stimuli was lost.
Metasomatotrophic diabetes is the permanent diabetes produced by the prolonged administration of growth hormone in intact dogs [1, 2, 3] and in partially depancreatized dogs [4] . The close correspondence between the features of metasomatotrophic and of metahypophyseal diabetes [5, 6, 7, 8, 9] indicates that growth hormone is the principal diabetogenic factor of the anterior pituitary gland in the dog [10] . These forms of diabetes have been attributed to severe deficiency of insulin, since they are associated, among other changes, with degeneration of the beta cells of the pancreatic islets [9, 11] and profound reduction in the insulin content of the pancreas [10] . Several investigators have proposed that the diabetes is produced by overactivity of the beta cells of the pancreatic islets, leading to loss of function and atrophy [4, 8, 9, 10] .
We have investigated, therefore, insulin levels and insulin secretion in the somatotrophic diabetes that occurs during growth hormone administration and in the resulting metasomatotrophic diabetes, after the cessation of the treatment.
Materials and Methods
Adult male dogs of body weight 13-16 kg housed in metabolism cages at 20-22 ~ room temperature were fed daily with 425 g of cooked meats (Romar 90) and 200 g of dog chow (Purina), divided in two meals. This food contained about 140 g carbohydrate, 85 g protein and 27 g fat. Drinking water was always available. In the control period of 4 months duration, the dogs became accustomed to the laboratory conditions and the testing procedures. The tests were performed as described previously [12] about 17 h after a meal and were preceded by the withdrawal of two 6 ml samples of venous blood. Glucose (1.0 g/kg body weight) was given IV within one minute, as a 50% solution (W/V) in 0.154 mol NaC1/1, after allowing ample time for equilibration of the a and b anomers. Arginine (0.4 g/kg body weight) (50% W/V of L-arginine monochloride in 0.154 mol NaC1/1) was injected IV within 2 rain and blood samples were taken at 5, 10, 15, 30, 60 and 120 min. Glucagon, 0.1mg/kg body weight (Lilly, Lot 258-234-B-167-1 in 0.154mol NaC1/1, 10mg/ml) was injected IV within seconds: blood samples were taken at 2, 5, 10, 15, 20, 30, was determined [12, 17] . Frozen sections of liver and other tissues were fixed and stained for lipid with Oil Red 0 dye [18] . Values are given as means + SEM.
Results

Induction of Diabetes
Metabolic and hormonal changes during the induction and course of metasomatotrophic diabetes are shown in Figure 1 . Fasting serum IRI declined progressively from the high level to the near-normal level of 41 + 13 ~U/ml. The elevated I/G ratio declined to normal, then to subnormal levels (11 _+ 4 ~tU/mg) ( Fig. 1) . At the end of the treatment, mean body weight was about 10% above the initial weight.
60 min. The test meal was the same as a usual meal: blood samples were taken at 15, 30, 60, 120, and 180 min from ingestion. Porcine insulin (0.1 U/kg body weight) (Lilly, 1.0U/ml in 0.154mol NaC1/I) was given IV, within seconds. Bovine growth hormone (Connaught Medical Research Laboratories, Lot 100-1, dissolved in 0.154 mol NaC1/1 at pH 8, 10 mg/ml) was injected subcutaneously, twice daily in 6 dogs. The initial dose was 2.0 mg/kg/day during the first 10-13 days and was then adjusted, according to the appearance in the dogs of severe diabetes or signs of remission, to the average of 2.6-3.3 mg/kg/day until the end of the treatment that lasted 32-44 days. One of these clogs was resistant to the diabetogenic effect of the growth hormone.
In serum, glucose was measured with glucose oxidase (Sigma No. 6125) and a polarographic electrode (Yellow Springs Instrument Co.) [13] , non-esterified fatty acids (NEFA) were measured colorimetrically [14] and immunoreactive insulin (IRI) was assayed by a double antibody method [15] . Urine glucose was measured by Benedict's method and ketone bodies were estimated semiquantitatively [16] . At the end of the experiment, the dogs were anaesthetized with sodium pentobarbital IV (25-30 mg/kg body weight) and blood was withdrawn through a carotid cannula prior to removal of the pancreas. The IRI of the pancreatic extract
Metasomatotrophic Diabetes
In the first month of metasomatotrophic diabetes (beginning from the last injection of growth hormone), fasting serum IRI remained within the normal range (24 + 6-46 _+ 8 gU/ml), serum glucose remained elevated (310 + 20 -350 + 33 mg/dl) and NEFA also remained high (3-4 ~mol/ml). Mean sugar excretion declined from the very high value at the end of the growth hormone treatment to about 120 g/day (Fig. 1 ). After about 4 months of this diabetes, fasting serum IRI (8 _+ 1 -17 + 2 ~U/ml) was permanently below the control level and the I/G ratio remained very low (2-6 ~U/mg). Serum glucose was high (311 _+ 30 -380 + 26 mg/dl), sugar excretion per dog was about 100 g/day and serum NEFA remained elevated (2.73 + 0.26-3.50 + 0.61 ~tmol/ ml) (Fig. 1) . The dogs deteriorated with the progression of metasomatotrophic diabetes. After 4 and 9 months, two of the five diabetic dogs were given insulin treatment (insulin-zinc, 24 and 50 U/day, sub-cutaneously, in divided doses), which caused prompt improvement. The other three dogs were not given insulin treatment during the 14 months of this diabetes: their body weight declined gradually to 81% of the normal in this time.
Response to Glucose
The IV glucose load test was applied in the same dogs in the control period, and during and after the growth hormone treatment. In the normal state, glucose injection produced a 3-fold rise in serum glucose (85 + 5 at 0 rain and 290 _+ 23 mg/dl at 15 min), a 5-fold rise in serum IRI (24 _+ 3 at 0 rain and 128 + 14 ~U/ ml at 15 min) and a relatively small change in the I/G ratio (30 _+ 5 at 0 min, 44 + 1.8 at 15 min and 60 _+ 12 pU/mg at 60 min) (Fig. 2 A) . In this test after 8-9 days of growth hormone treatment, the rise in serum glucose was high and prolonged, the rise in serum IRI (240 pU/ml) over the high initial level was about twice the normal rise (104 pU/ml) and the I/G ratio fell below the high initial value (258 _+ 15 at 0min and 148 + 12 -177 _ 7~tU/mg at 15-60 min). On repetition of the test at 28-30 days of the growth hormone treatment, glucose tolerance was further depressed. Serum IRI (initially 78 + 25 ~U/ml) was unchanged, except for a decrease to 48 + 33 ~tU/ml at 60 rain and the I/G ratio decreased (36 + 11 at 0min and 3 + 1 -14 _+ 8 ~tU/mg at 15-60 min) (Fig. 2 A) .
In the glucose tolerance test applied at day 15 of metasomatotrophic diabetes, the rise in serum glucose was high and prolonged ( Fig. 2 B) . The initial serum IRI level (46 _+ 8 ~U/ml) was near normal but no change occurred after the injection of the glucose load. At day 50 of metasomatotrophic diabetes, the result of the glucose load test was similar. Glucose tolerance was very low (serum glucose 324 + 30, 621 _ 25, 558 + 21 and 439 + 24 mg/dl at 0, 15, 30 and 60min, respectively). The serum IRI level was unchanged (36 _+ 5 ~tU/ml at 0 rain and 31 + 4 -41 + 5 ~tU/ml at 15-120 min), and the initially low I/G ratio (12 + 3 ~tU/mg) was further depressed (Fig. 2 
B).
In the glucose tolerance test in normal dogs, NEFA fell to 65 and 71% of the initial value at 15 and 30 rain (P < 0.010). In somatotrophic diabetic and in metasomatotrophic diabetic dogs, however, no change from the high initial values occurred during the test.
Response to Arginine
The injection of arginine (0.4 g/kg body weight IV) in 5 dogs at about day 20 of metasomatotrophic dia- 
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betes produced no change in serum IRI from the fasting level during the 2-hour test period (26 + 2 at 0 min and 25 + 2 -27 _+ 3 ,uU/ml at 5-120 min). Serum glucose increased from the high initial level (331 _+ 33 at 0 rain and 420 _+ 30 -433 + 36 mg/dl at 10-15 rain), the I/G ratio decreased (9 + 1 at 0 min and 6 + 1 ~U/mg at 10 and 15 min) and serum NEFA increased (1.82 _+ 0.24 at 0 min and 2.28 _+ 0.30 -2.61 __ 0.28 ~mol/ml at 10-60 rain). In this arginine test in normal dogs, as reported previously [12] serum IRI rapidly rose to over 4-fold and the I/G ratio rose 3-fold, with fractional rises in serum glucose and NEFA, of about 50%. 
Response to Glucagon
In metasomatotrophic diabetes of 60 days duration in 5 dogs, the injection of glucagon (0.1 mg/kg body weight IV) produced no change in serum IRI from the fasting level during the 60 minute test period (17 + 1 at 0rain and 12 _+ 4 -23 + 4~,U/ml during 2-60 min). Serum glucose rose from the high fasting level (313 _+ 34 at 0min and 426 _+ 37 -461 + 33 mg/dl at 10-60 min). The I/G ratio was initially low (6 _+ 1 ~,U/mg) and decreased at the 15-60 rain intervals. Serum NEFA increased from the high initial level (3.30 + 0.60 at 0 min and 4.40 + 0.30 -4.70 + 0.50 btmol/ml at 5-20 min).
In this glucagon test in 6 normal dogs [12] , serum IRI rose 8-fold to a peak at 15 rain, serum glucose rose 3-fold and the I/G ratio rose over 2-fold.
Response to a Meal
Following the ingestion of a meal in metasomatotrophic diabetes of about 30 days duration in 5 dogs, serum IRI was unaltered from the fasting value in the 3-hour test period (26 _+ 5 at 0 min and 22 + 4 -26 _+ 8 b~U/ml at 15-180 min), except for a decrease to 14 _+ 2 FtU/ml at 120 min. Serum glucose rose progressively over the high fasting value during the test (319 + 14 at 0 min and 361 + 24 -503 + 28 mg/dl at 30-180 min). The I/G ratio was initially 8 + 2 FtU/ mg and was unchanged, except for a decrease to 3 + 1 F~U/mg at 120 rain. The NEFA value did not differ from the high initial value during the test period.
Following this meal in normal dogs [12] , there were relatively small, but significant, increases in serum IRI, in serum glucose and in the I/G ratio. The NEFA value was unchanged, except for a decrease at 60 min.
Response to lnsulin
In metasomatotrophic diabetic dogs after the injection of insulin (0.1 U/kg body weight IV) there were marked and prolonged falls in serum glucose (321 + 19 at 0 min and 147 + 39 mg/dl at 15 min) and in serum NEFA (4.27 + 0.56 at 0 rain and 2.46 + 0.42 lxmol/ml at 30 min) from the high fasting levels (Fig. 3) . In normal dogs after this injection of insulin, serum glucose fell (86 + 4 at 0 rain and 30 _+ 5 mg/dl at 15rain) then rebounded (102 _+ 4mg/dl at 120 min), while NEFA also fell (1.09 + 0.07 at 0 min and 0.80 + 0.05 btmol/ml at 15 min) then rebounded (1.36 __+ 0.10 btmol/ml at 90 min). These decreases in serum glucose and NEFA were of greater extent and duration in the metasomatotrophic diabetic than in the normal dogs. Following this injection of insulin, the disappearance of IRI from serum was rapid and similar in the diabetic and the normal dogs (Fig. 3) .
lnsulin Content of the Pancreas
In the 5 metasomatotrophic diabetic dogs, after 14 months of diabetes, the IRI extractable from the pancreas was 0.042 + 0.013 U/g pancreas or 0.087 + 0.028 U/kg body weight. This amount was only 1.2% of that reported in normal dogs, which was 3.66 + 0.50 U/g or 6.90 + 0.89 U/kg body weight [12, 19] .
From visual comparison it was apparent that in the metasomatotrophic diabetic dogs the abdominal and subcutaneous adipose tissues were depleted of depot fat. The liver weight (30.9 _+ 0.4 g/kg body weight) was above the normal value of 25.4 _+ 1.4 g/ kg body weight [12, 19] . In stained sections of the liver, the frequency of intracellular fat droplets was normal or less, indicating relatively low fat content.
Discussion
A progression of change occurs during the production of metasomatotrophic diabetes. In a "prediabetic ~' stage of growth hormone treatment there are marked rises in serum IRI [12, 20] and plasma immunoreactive glucagon (IRG) [21, 22] . In the following stage of early somatotrophic diabetes, the hyperinsulinaemia persists and the I/G ratio remains elevated, despite the rise in serum glucose [12, 20] . The elevation in blood insulin is due chiefly to increase in insulin secretion [23] . Two abnormalities in insulin receptors of circulating monocytes have been found in acromegaly, however, one being a decrease in receptor concentration per cell and the other an increase in receptor affinity [24] .
The promtitude of the rises in glucagon and insulin in the circulation of the dog [21] and in the perfusate from the isolated pancreas [25] , produced by growth hormone, is indicative of direct stimulation of the alpha and beta cells of the pancreatic islets. The rise in glucagon precedes the rise in insulin, however, glucagon does not appear to mediate the insulin, effect [26] . Changes in the concentrations of glucose and NEFA in blood do not appear to be of primary importance in the stimulation of insulin secretion early in the growth hormone treatment [12, 20, 27] . Insulin responses to the IV injection of glucose, glucagon and arginine, which signify rapid and transient rises in insulin secretion [28] , are magnified in the prediabetic and early somatotrophic diabetic stages of growth hormone treatment [12] .
A further stage of change is evident in the latter half of the growth hormone treatment, during which the severity of the diabetes increases, blood IRI declines to near-normal level, the I/G ratio falls below normal and the insulin response to glucose decreases and finally disappears. It appears that active peptides derived from growth hormone in the body may be involved in the production of some of the hormonal and metabolic effects [29, 30] .
The ultramicroscopic alterations in the beta cells of dog islets that occur during the induction and course of growth hormone diabetes are indicative of increased secretory activity, followed by degeneration [31] . The rat is resistant to the diabetogenic effects of growth hormone, but responds to the injected hormone [32] and to implanted pituitary tumour tissue [33, 34] with increase in insulin secretion and trophic alterations in the pancreatic islets. The insulin content of the pancreas decreases with the duration of growth hormone treatment in dogs [12, 22] , indicating a higher rate of secretion than of replacement of insulin by synthesis. This sequence of changes, culminating in metasomatotrophic diabetes, indicates that growth hormone treatment causes excessive secretion of insulin under basal and stimulative conditions that results in degeneration of the beta cells, with severe loss of function. The fundamental nature of the action of growth hormone on the beta cells of the pancreatic islets is at present obscure. 227 Metahypophyseal diabetes [5, 7, 8, 9] , and metasomatotrophic diabetes [2, 4, 10] have been attributed to severe deficiency of insulin, a conclusion that is supported by the results of the present investigation. In the first four months of metasomatotrophic diabetes, fasting serum IRI was in the normal range and the I/G ratio was low: subsequently, the IRI level became subnormal and the I/G ratio declined further. The basal systemic delivery rate of insulin was found to be depressed in this diabetes [35] . With the reduced rate of insulin secretion under fasting conditions, there was also failure to secrete insulin in response to a meal and to the infusion of glucose, glucagon and arginine. Metasomatotrophic diabetic dogs thus appear to be dependent on reduced basal secretion of insulin, without additional secretion in response to stimuli. The very low insulin content of the pancreas in conjunction with the reduced basal secretion of insulin indicates that the rate of synthesis of insulin is low. The indications are, therefore, that the beta cell damage results in deficient synthesis and deficient secretion of insulin.
A feature of this diabetes and also of metahypophyseal diabetes [36] is a marked responsiveness to the hypoglycaemic and NEFA-depressing effects of insulin. This sensitivity to insulin is probably an important factor in survival with only a limited basal secretion of insulin. The high NEFA level was indicative of continuously enhanced rate of mobilization of lipid: however, the depletion of depot fat in this prolonged diabetic state may have had the effect of limiting the quantity of fat mobilized from adipose tissue to the liver and other organs. Consequences of this limitation may have been the absence of marked fat accumulation in the liver and the preservation of sensitivity to insulin [37] .
Acromegaly has characteristics that are qualitatively similar to the experimental effects of growth hormone [38, 39] . If acromegalic diabetes can be attributed to over-activity of growth hormone, it appears probable that stages comparable to those found in metasomatotrophic diabetes and its induction may occur in this disease. In the study of endocrine performance, measurements of hormonal levels in the steady state are required: the additional information on hormonal changes in response to stimulants of secretion provides further insight into endocrine function.
